Abstract. A measurement has been made of the relative linear polarization of the two photons produced from s-state positron-electron annihilation. This is an example of a quantum system consisting of widely separated components, which were previously closely spatially linked with one another. Compton polarimeters were used to detect the planes of polarization. In the study prime interest was attached to whether the correlation between the planes of polarization changed with increasing source-polarimeter separations when the source was placed symmetrically between the two polarimeters. Measurements were also made for substantial differences in the separations. No significant change in the correlation was observed over separations of up to 2.5m and over differences in separation of about 1 m.
Introduction
In 1957 Bohm and Aharanov showed that the measurement of the relative planes of polarization of the coincident y photons produced by the annihilation of s-state positron-electron pairs (Wheeler 1946, Wu and Shaknov 1950) can be considered as an example of the so called Einstein-Rosen-Podolski paradox (1935) . This paradox is concerned with the interpretative aspect of quantum theory, which is the apparent non-separability of two space-separated systems that have been in interaction at an earlier time.
Consider the instance shown in figure l(a), in which the two annihilation photons, yl, y2, move in the -z and + z directions. Symmetry considerations show that the ket representing the two photons immediately after annihilation can be written in the form where I X Q is a ket describing a photon moving in the + z direction with linear polarization along the x-axis, and a photon moving in the -z direction with polarization along the y axis; IYX) is a similar ket. d 'Espagnet (1971) has argued that representing the two photons by ket (1) implies that they are not strictly separable and that this implies some form of nonlocality. Furry (1936) , Bohm and Aharanov (1957) and Faraci et al (1974) have suggested that when the photons are far enough apart, t Any correspondence concerning this paper should be addressed to either of these authors. and so no longer interacting with one another, then the state should be represented not by (1) but by either
\P(G)
or some generalization of these. If this were so, then the correlation between the planes of polarization of the photons would change as the photons separate. It might therefore be possible to distinguish between (1) and (2) by measuring this correlation for different photon separations. An ideal polarizer for ; J rays does not exist, and the dependence of Compton scattering on the plane of polarization, described by the Klein-Nishina theory has to be utilized. Polarimeters based on this effect suffer from the major disadvantage that they do not give a clear yes/no answer for each pair of quanta, but only a statistical one. Thus the behaviour of individual photon pairs no longer has any significance. For 11))
given by (l), the Klein-Nishina theory leads to a maximum of 2.84 for the anisotropy N I I N where N l and N are the respective coincidence counting rates of the system with counter 2 first in the A and then in the B direction (counter 1 remaining fixed in the B direction-see figure l(a) (Pryce and Ward 1947, Snyder et al 1948) . To obtain this value, both scattering angles O1 and Q 2 must equal 82" and the dimensions of the scatterers and the angles subtended by the counters 1 and 2 at them must be very small. For I$) given by (2), Bohm and Aharanov showed that the anisotropy should be unity. More recently, in an excellent review, Kasday (1971) showed that on the basis of a local hidden variable theory (Bell 1965) the anisotropy should lie between 1.0 and 2.84.
Several measurements of the absolute value of the anisotropy have been made. The results of Hanna (1948) were subject to large statistical uncertainty. Those of Vlasov and Dzelepov (1949) Wu and Shaknov (1950), Langhoff (1960) and Kasday (1971) supported the anisotropy factor calculated using (1) rather than the smaller values suggested by Bohm and Aharanov and by Kasday. In these experiments the greatest distance between the scatterers was the 0.5 m employed by Langhoff. Conflicting results were obtained by Faraci et al who reported that (i) their measured anisotropy when corrected for experimental geometry was less than that predicted for the function (1) and (ii) a further decrease in anisotropy occurred when there was a large difference (283cm) in the flight paths of the two photons. Jauch (1971) has suggested that ket (2) might describe the state of the two photons when they are separated by at least twice their coherence length.
The aim of the present work, therefore, was to investigate the anisotropy with (a) large symmetrical source-to-scatterer distances and (h) a large difference in the flight paths of the two photons. In each case a resolving time was used which was as small as possible compared with the transit times so that the polarization measurements of the photons of each pair could be considered as 'space-like-separated'. According to the conventional theory the anisotropy should be unaffected by the increase of flight paths in both (a) and (b) whereas, according to the hypotheses of Bohm and Aharanov, Jauch and Bell, the anisotropy might be expected to decrease.
Polarimeter design
In the present study, each of the polarimeters consisted of a fast organic scintillator as the scatterer and a sodium iodide crystal which detected the scattered photons. For absolute anisotropy measurements it is necessary to have a geometry for which the experimental response can be calculated. Such calculations are complex for large scatterers and most experimenters have used small cylindrical scatterers 'viewed' by second detectors subtending small solid angles at them. Such polarimeters have very small detection efficiencies. In the present study no attempt is made to measure the absolute anisotropy, and a more important requirement is a large polarimeter detection efficiency. In this way anisotropy measurements can be made with the polarimeters well separated from the source. As the dimensions of the scatterer are increased, so is the range of scattering angles for events in the scatterer which are directed towards the second detector. Accordingly, the measured anisotropy will be lower. Likewise, increasing the solid angle subtended by the second detector at the scatterer will increase the range of scattered angles of valid events and will also lower the measured anisotropy. For a fixed source-polarimeter separation both these changes dramatically increase the detection efficiency, which varies approximately as the square of the scatterer dimensions and the square of the solid angle subtended by the second detector at the scatterer. Therefore, increasing the scatterer and second detector dimensions produces two opposing effectsji) improved counting statistics and (ii) a measured anisotropy decreasing towards unity.
Guidance as to the optimum polarimeter geometry was obtained from the paper of Snyder et a1 (1948) who calculated how the measured anisotropy and coincidence detection efficiency varied with the angle subtended by the second detectors at the point scatterers. The angle was expressed in terms of the semi-angle p (in 0) about the optimum angle of scatter, 82", and the semi-angle ct (in 4) in the azimuthal direction (see figure l (b) . For the present study optimum values of c( and p were chosen using the criterion that, for a measured anisotropy p , the fractional uncertainty in p -1 was a minimum. Surprisingly large values for ct and p of approximately 40" were indicated. The actual geometry used is shown in figure 2 ; with d = 4.9 cm, the values of ct and p were very approximately 50" and 40" respectively.
Apparatus
The scatterers used in the present study were right cylinders of NE 104 plastic scintillator, each 5cm in diameter and 5cm thick. For such a scatterer the probability of double Compton scattering is about 0.15. In the present study the effect of this on the measured anisotropy is of no consequence because an absolute measurement is not attempted. Gamma rays from the scatterers were detected by 5 cm diameter x 5 cm thick NaI crystals whose axes were tilted at an angle of 82" to that of the scatterers (see figure 2) .
The NaI assemblies were rigidly fixed to the scatterers by brackets and the whole arrangement could be rotated about the scatterer axis through 180". The scattererNaI separation, d, was fixed at 4.9cm for the majority of the measurements. As a consistency check some measurements were performed with d = 11 cm (see $7). The polarimeters were mounted on trolleys which ran on rails aligned parallel to the scatterer axes. The detector mountings had fine adjustments for displacing the detectors laterally so that the two scatterer axes would be made coincident with one another and the source. The NaI crystals were shielded from the source by a 5 cm thick lead plate supported at the front of the trolleys. The plates had 5.5 cm diameter holes in them to allow the scatterers to view the source directly.
The source
When the two polarimeters are well separated from the source the quadruple coincidence efficiency is exceedingly small and it is essential to have a very strong source of annihilation quanta. 64Cu was chosen as the source for several reasons. First, it is readily (and cheaply) prepared by irradiating copper and secondly, the metal source is easy to handle. It was estimated that a source of up to 1 Ci would be required and special precautions had to be taken in handling and using it in the laboratory. The source, prepared by irradiating a copper cylinder 5 mm diameter and 7 m m long, was held by a thin plate of perspex at the centre of a massive lead source holder (see figure 2) . This holder was incorporated directly into the experimental arrangement. Preliminary measurements were made with the source in a holder with tapered holes. A small reduction in the measured anisotropy attributed to small-angle y ray scattering on the walls of the tapered holes was observed for source-polarimeter separations of less than about 100 cm. For this reason the holder was drilled out perpendicularly to the axis. The diametrically directed annihilation quanta escaped from the holder through 2.7 cm diameter holes; in all other directions the lead provided adequate shielding. For scatterer-source separations less than 30 cm a smaller source holder was used. This holder was 9.8 cm long by 7.6 cm external diameter and 2.7 cm internal diameter.
Annihilation quanta are emitted at very nearly 180" to one another; the spread in this angle is only small and amounts in copper to about 10 mrad (West 1974, private communication) . Consequently, if these quanta are to be detected by the relatively small scatterers when separated by up to 5 m , the source and the axes of the two scatterers have to be carefully aligned. In the present study this was done by directing the beam of a laser along the axis of one detector and aligning the source and the axis of the other scatterer with it. For this purpose the source was replaced by a cylinder of the same size through which a small hole was drilled, the laser beam being directed through this hole. The alignment of the two scatterers as they were moved away from the source was better than i: 1 mm.
Instrumentation
The plastic phosphors were coupled to RCA 8850 photomultipliers from which fast and analogue pulses were derived for timing and pulse-height selection purposes respectively. The photomultipliers were operated with their photocathodes at high negative voltage and the anodes were returned to earth through 50 Q loads incorporated in the input stages of the constant fraction discriminators (Ortec, type 453) used to derive the timing signals. The outputs of the discriminators (see figure 3) e 'T Figure 3 . Schematic diagram of the circuitry used to direct coincidences between the two scatterers into the four quadrants of the MCA: Q1, S1S2 detected pairs alone: Q2. S1S2 in coincidence with N1 bur not N2; Q3, S1S2 in coincidence with N2 but nor N1; Q4, S1S2 in coincidence with N1 and N2.
were fed to the 'start' and 'stop' inputs of a time-to-amplitude converter (Canberra, type 1443), the output of which was displayed on a multichannel analyser (HewlettPackard, type 5400). The analogue signals from the scatterers were employed to restrict the regions of the y spectra used in the timing measurements. The count rates of the scatterers were high, up to 150000 counts per second. and precautions had to be taken to minimize pulse pile-up and avoid spectral distortion. Low-gain double delay line ( 2 = 0.1 ps) amplifiers were used to limit pulse durations and the single-channel analysers (Canberra, type 1431) following these amplifiers had a 'timeto-peak' of 0.2 ys. The outputs from these SCAS were fed to a slow coincidence unit (22 = 0.8 p), the output of which was used to gate the TAC. The system described so far enabled the time spectrum of annihilation pairs detected in the scatterers to be displayed on the MCA. It is shown in the appendix that a useful measure of the anisotropy is a factor f which is a combination of double, triple and quadruple coincidences. For this reason a logic unit was developed which, in conjunction with the routing system of the analyser, was used to direct detected pairs into the four quadrants of the MCA thus: into quadrant 4 the time spectrum of pairs accompanied by the detection of both scattered quanta by the sodium iodide crystals, into quadrant 3 the time spectrum of pairs accompanied by the detection of the scattered photon by NaI 2 only, into quadrant 2 the spectrum accompanied by the detection of the scattered photon by NaI 1 only and, finally, into quadrant 1 the pairs not accompanied by any events in NaI 1 or NaI 2. Four time spectra were therefore stored simultaneously in the four quadrants of the MCA as indicated at the bottom of figure  3 . If the total counts in the prompt coincidence peaks of these spectra (determined by summing the contents of the channels spanning the peaks) are C1, C,. C , and C4 then it is easily seen that the quantities (SljSZ), (Sl/S2/Nl), (Sl/S2/N2) and Q of the appendix are given by (Sl/S2) = C1 + C2 + C3 + C4, (Sl/SZ/Nl) = C2 + C4, (Sl/S2/") = C, + C4 and Q = C4.
Three signals were fed to the logic unit, one a digital signal corresponding to the TAC output and the other two derived from the NaI crystals. A single-channel analyser was incorporated in the TAC and the former signal was obtained from this. The NaI crystals were coupled to EM1 9514 B photomultipliers; the dynode signals of these were taken to the SCAS, from which the N1 and N2 signals were fed via delays to the logic unit. The delays were used to align precisely the three signals fed to the logic unit, the latter being based on simple TTL logic using double and triple NAND gates.
In the Compton process the energy deposited in the scatterer is related to the angle of scatter; in the present experiment only scatters directing the y ray towards the sodium iodide crystals are possibly valid quadruple coincidences, so that the range of the scatterer spectrum required is related to the NaI/scatterer geometry. The spectrum of one of the scatterers in coincidence with its NaI detector (for d = 4.9cm) and for a source-polarimeter separation of 2.45m is shown in figure  4 (a). The energy limits chosen for the SCA are indicated. With such limits a symmetrical time resolution curve 600 ps wide at half-maximum and 1100 ps wide at one-tenth maximum was obtained. Figure 4(b) shows the spectrum of one of the sodium iodide detectors in coincidence with its scatterer. As a result of statistical fluctuations in pulse height in both NaI detectors and scatterers, especially the latter, the pulse-height limitations imposed by the SCAS do not represent exact ranges of energy deposited in the detectors; in fact, the ends of these ranges must inevitably be indistinct.
Because of the very short resolving time of the scatterer/cF discriminator arrangements, the random coincidence rate between the scatterers was negligible. However the MCA routing system is based on a coincidence circuit with a much greater resolving time of about 110 ns and it was necessary to make a correction for random coincidences in this. (For example, a valid S1/S2 event-not accompanied by the detection of either of the scattered quanta and therefore ideally going into quadrant 1-could be in random coincidence with an independent event, say an N1, and therefore directed to quadrant 2.) In all cases the correction was small, amounting to less than 4%.
Experimental procedure
At the beginning of a set of measurements the scatterers were set at their maximum separation (2.45m from the source) and were moved in towards the source at a rate which compensated approximately for the decay. The half-life of 64Cu is 12.8 h, so that in just over four days the source-detector distance had decreased to 0*15m, measurements being made over the whole range at intervals of several centimetres. With such a procedure the decrement in the source-detector separation decreases as the separation decreases and it was possible to make closely spaced and some repeated measurements for distances less than 1 m.
The relative orientations, perpendicular or parallel, of the two units could be achieved by rotating them into either of two horizontal positions-A or C-or a vertical position, B. For each source-polarimeter separation, measurements in the two perpendicular orientations, AB and CB, and the two parallel ones, AA and CA, were made. For each of these orientations, the four time spectra corresponding to the quantities C1, Ctr C3, C4 were stored in the multichannel analyser. C1-4
were determined as the integrated counts in 1 ns wide windows spanning the time peaks. The factorfwas calculated from the quantities C for each of the four detector positions, and the measured anisotropy was determined as the ratio of the means of the perpendicular and parallel values, i.e. (fAB +fCB)/(fkA +fCA). Counting times of 20-30min gave approximately 4000 counts in quadrant 4, corresponding to an uncertainty of about 2% in the measured anisotropy. It should be noted that the parallel case AA and the antiparallel CA will not give the same value f o r 5 This is because of the large size of the scatterers relative to their distances from the NaI detectors. For the parallel case, an event due to a scatter near to N1 will be paired with an event far from N2, giving a lower probability of detection than in the antiparallel case. when an event close to one detector will be paired with one close to the other. So the quadruple coincidence count rate and hence f should be higher for the antiparallel case; this was observed, fAA 2 0.70 and fCA 'v 0.86. The two perpendicular cases, AB and CB, should be indistinguishable, and in fact the values offfor these two measurements ( N 1.24) agreed within statistical expectations.
Results and discussion
The measured anisotropy is plotted as a function of scatterer-source separation in figure 5 . The lower extensive series of measurements was obtained with a sodium iodide-to-scatterer separation, d, of 4.9 cm and corresponded to a measuring time of 10 days (As a check on the design criteria of 42, the upper results were obtained with a value of d of 11 cm. In this case, although the measured anisotropy is greater, the counting statistics are substantially poorer because of the reduced polarimeter detection efficiency.)
There is no detectable decrease of measured anisotropy with source-polarimeter separation; the straight line shown is a least-squares fit to the data. the slope being 0.0024 0.0050m-'. This is true for separations which far exceed the coherence length of the annihilation quanta generated in copper; this length is =2zc, i.e. The upper results were obtained with the NaI crystals well separated from the scatterers (d = 11 cm, see figure 2) ; the other results were obtained with d = 4.9 cm. For both these cases the source was placed symmetrically between the polarimeters, whereas for the results marked X and Y the source was positioned asymmetrically-the separations of the two polarimeters from the source being indicated. rr 12 cm, where z is the lifetime of positrons in copper (Hautojarvi and Jauho 1971) . Langhoff (1960) showed that, for a source-polarimeter separation of 0.25 m, the measured anisotropy when corrected for the finite polarimeter geometry agreed well with the value expected for a pure state (1). The results of figure 5 imply that such agreement extends over substantially greater separations. Langhoff used a coincidence resolving time of 5 ns (corresponding to a photon path of 1.5m) so that with his source-polarimeter separation of only 0.25 m he was not able to rule out the possibility of some interaction between the polarimeters via a signal passing between them. However, in the present study, with time discrimination between the polarimeters of 1 ns (corresponding to a photon path of 0.3 m) and with source-polarimeter separations of up to 2.45m, the measurements by the polarimeters can be considered as 'space-like-separated'.
Measured anisotropies for large differences in the lengths of the flight paths of the two quanta are also included in figure 5 . Measurement X was made with separations of 0.60 and 1.60m, while for Y the separations were 1.50 and 2.45m. In neither case can a significant change in the anisotropy be detected, in contradiction to the findings of Faraci et al. For such asymmetrical geometries the irradiation of the scatterers is not the same and only the central region of the scatterer nearer the source will contribute to valid events. This was confirmed by repeating measurement X with the outer annular region of the nearer scatterer shielded from the source; the value obtained (labelled 'with shield' on figure 5 ) was not significantly different. For scattering events restricted to the central region of the scatterer, a small increase in the measured anisotropy is expected, since the ranges of values of 2 and / 3 which give scattered quanta directed towards the sodium iodide crystals are smaller for the central region. Measurements made by shielding the outer parts of the scatterers while using a symmetrical source-scatterer geometry showed that this effect was insignificant for the geometries used.
There appears to be no evidence for spontaneous localization of the quanta and, irrespective of their separation, their properties are accurately described by a pure state ket (1). The theoretical implications of this will be discussed elsewhere (Bohm and Hiley 1976) .
